Multi-commuted flow system Gas diffusion
Introduction
In flow analysis, separation processes have been efficiently used to avoid matrix problems, to improve the sensitivity of the method and also to pre-concentrate the analyte or to dilute the sample. The use of in-line separation processes usually determines the selection of the flow mode. Dispensing mode is usually preferred, since aspiration of the solutions would cause outgassing and give rise to bubble formation. This can be a reason why most of the flow systems coupled to separation devices are based on flow injection rather than sequential injection. However, FIA systems present some limitations such as relatively high reagent consumption, larger waste generation and limited strategies to enhance sensitivity. Some of these limitations have been successfully minimised through the multi-commutation concept. Multi-commuted flow injec-to their own vessel, depending on the actuation state of the respective solenoid valve. This format allows reduction of reagents consumption, since the solutions are only propelled into the flow network when required, an attribute usually restricted to multi-syringe flow injection systems [2] .
This approach was tested by its application to the determination of ammonium in water samples, using an acid-base indicator; this determination was selected as it involves the use of a gas diffusion process with a simple nonselective chemistry [3] . Ammonium-nitrogen is an important micronutrient present in global ecosystems. Nevertheless, high ammonium levels found in natural waters are indicative of deteriorated water quality, especially due to accelerated anthropogenic activity. In the last decades, several FIA systems coupled to gas diffusion for ammonium and ammonia determination in diverse samples have been reported. In the majority of these methodologies, spectrophotometric detection was employed [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . However, flow systems with conductimetric [4, [15] [16] [17] [18] , potentiometric [6, [19] [20] [21] [22] , fluorimetric [23] and amperometric [24] detectors were also described. A sequential injection system [25] and a multi-syringe flow injection methodology [26] were also presented.
The proposed multi-commuted approach embodies many of the advantages of both SIA and FIA/MSFIA. It allows both the low reagent consumption and high degree of automation normally associated with SIA systems, while employing positive pressure flow conditions and the efficient mixing associated with FIA/MSFIA. The application of this strategy resulted in a flow system with characteristics that are adequate to the ammonium determination at trace levels, making possible its application even to non-polluted waters.
Experimental
All solutions were prepared using analytical grade quality reagents and deionised water (specific conductance less than 0.1 S cm −1 ), boiled before use.
The indicator stock solution was prepared by dilution of 0.5012 g of bromothymol blue in 250.0 mL of ethanol. Acceptor solutions were prepared by appropriate dilution of the stock solution with water and adjusted to pH 6.8 with a sodium hydroxide solution 0.1 mol L −1 .
Sodium hydroxide solutions were prepared by appropriate dilution of a stock solution of 5 mol L −1 .
A 1000 mg L −1 stock standard solution of ammonium was prepared by dissolving 0.2966 g of ammonium chloride (dried to constant mass at 105 • C) in 100.0 mL of water. Working standard solutions were prepared daily by appropriate dilution of the stock solution.
A certified reference sample QC RW1 was purchased from VKI Reference Materials, and was used as recommended by the manufacturers.
The system manifold comprehended a propulsion device connected to solenoid valves controlled by computer, a separation device and a detection system (Fig. 1) . A multi-channel peristaltic pump (Gilson Minipuls 3) and PVC pumping tubes (Technicon and Cole-Parmer) were used to propel all solutions at independent flow rates for each channel. All tubing connecting the different components was made of PTFE with 0.8 mm inner diameter (Omnifit).
The direction of the solutions inside the manifold was controlled by means of three-way solenoid valves (161 T031, NResearch). To operate the solenoid valves, a CoolDrive TM (NResearch) power drive was used. A 386 personal computer (Samsung SD700) equipped with an interface card (Advantech, model PCL-818L), running a software written in QuickBasic 4.5, controlled the solenoid valves.
The flow system incorporated a Perspex laboratory-made gas diffusion device with two separated blocks, pressed against each other by six screws. The matching cavities had a zig-zag flow channel configuration (Fig. 2 ). Other gas-diffusion devices with other dimensions and configuration were also tested. A Millipore Durapore ® hydrophobic membrane (pore size of 0.45 m) was placed between the two channels, being replaced every 2 weeks.
As a detection system, a Unicam 8625 UV/Vis spectrophotometer set at 620 nm, equipped with an Hellma 178.712-QS flow cell (18-L inner volume and 10-mm flow path) was used. Analytical signals were recorded using a Kipp & Zonen BD 111 chart recorder. Ultrasonic treatment tests were carried out with an ultrasonic bath (Bandelin Sonorex RK100H) at a frequency of 35 kHz. To study the influence of the temperature on the gas diffusion, an I.S. Co GTR 190 thermostatic bath was used.
Some initial studies on the performance of different gas diffusion units were carried out using a classic gas diffusion flow injection system. The developed flow protocol and timing sequence for the spectrophotometric determination of ammonium in water samples is given in Table 1 . The sample containing ammonium is first mixed with a continuous carrier stream of sodium hydroxide. The ammonia produced is transferred through the hydrophobic gas permeable membrane from the donor to the acceptor stream containing a pH indicator. The diffused ammonia causes an alteration in pH and consequent colour change of the indicator solution, which is monitored spectrophotometrically.
Reagents and solutions Apparatus
The first part (steps 1-3) corresponded to washing steps of the manifold, being only necessary when the sample was switched by another sample. The four last steps referred to the analytical cycle. After introduction of the sample mixed with NaOH, the flow of the acceptor solution was stopped during 60 s, while the mixture of sample plus hydroxide was continuously passing through the donor channel of the gas diffusion unit. In the last step, the analyte retained in the acceptor solution was sent towards the detector, being spectrophotometrically monitored at 620 nm. After detection, the solution was re-directed to the BTB reservoir.
Water samples presenting suspended particles were filtered through a 0.45 m cellulose acetate membrane filter (Whatman) prior to its introduction in the flow system. Recovery tests were prepared by adding 1.00 mL of concentrated standard solutions to a 25 mL volumetric flask and adjusting the volume of the flask with the water sample. Ammonium concentration levels of 0, 50, 200, 500 and 800 g L −1 were added to each analysed sample. Triplicates were prepared for each concentration level, and all solutions were injected three times.
The certified sample solution was prepared by diluting 1.00 mL of the concentrated solution QC RW1 to 100.0 mL with the water sample, according to the manufacturer recommendations.
During the development of the flow system, several parameters were varied one at a time, whereas all the others were kept. The values were selected considering accuracy, sensitivity, quantification and detection limits of the methodology.
To evaluate the performance of different gas diffusion units, a classic flow injection system was used. Gas diffusion devices with diverse configurations and surface areas were studied by establishment of calibration curves with ammonium concentrations between 1.00 and 20.0 mg L −1 . As expected [6, 27] , the results demonstrated that the sensitivity increased with the The letters N and F correspond to positions "on" and "off" of the commutation valves, respectively.
Results and discussion
Flow procedure Preliminary studies using a flow injection manifold Sample preparation (Table 2 ). However, devices B and C gave rise to very different sensitivities, despite presenting similar diffusion areas. The lower channel depth, presented by diffusion cell B favours the diffusion of gas molecules. The GDU D, with a higher surface area, provided the highest sensitivity, so this was the diffusion cell chosen for further work. The possibility of ultrasonic treatment was also studied using the FIA system. By submitting the gas diffusion module to ultra sonic waves during the analytical cycle, a sensitivity value similar to that attained without the ultrasonic treatment was obtained. Therefore, the work was continued without the use of the ultrasonic treatment.
The previous selected gas diffusion device was incorporated in the proposed multi-commuted flow system and the influence of the hydrophobic membrane porosity in the diffusion process was evaluated. Compared with a membrane of 0.45 m, the use of a membrane with a pore size of 0.22 m yielded a 10% decrease on the sensitivity. Therefore, a membrane of 0.45 m was used in the following experiments.
The temperature was varied in a range between room temperature and 80 • C, by immersing the carrier solution in a thermostatic bath. In contrast to the results obtained in previously reported flow methodologies with gas diffusion devices [6, 7, 10, 28] , in which higher temperatures induced more efficient ammonia release, in this work, the temperature showed no influence on the sensitivity. Probably the larger dimensions of the gas diffusion device used in the presented work reduced the temperature effect, so the work was continued at room temperature.
The influence of the sample volume on the sensitivity was evaluated in a range between 208 and 553 L, by tracing linear calibration curves between 50 and 1000 g L −1 of NH 4 + .
The sensitivity increased approximately 40% up to 415 L, and only 8.6% more for the maximum volume tested. Since the sample volume was defined by the aspiration time controlled by computer, higher sample volumes implied longer determination cycles. Thus, a sample volume of 415 L was selected, as a compromise between sensitivity and determination frequency.
To improve the diffusion process efficiency, the stopped flow approach was considered. This study consisted in stopping the acceptor stream when the mixture of sample and NaOH reached the donor channel of the gas diffusion unit. Stop periods between 0 and 80 s were evaluated. The results revealed that the sensitivity increased linearly about 60% when the stop period was varied from 0 to 60 s, and then stabilised for longer periods. Consequently, a 60 s stop period of the acceptor solution was selected.
The influence of NaOH concentration was evaluated between 0.01 and 0.5 mol L −1 . No variation on the sensitivity values was observed, so a donor stream containing NaOH 0.1 mol L −1 was used to ensure the excess of hydroxide in the donor channel.
The concentration of BTB in the acceptor solution was studied in a range of 20-100 mol L −1 . A 34% increase on the sensitivity was observed up to 60 mol L −1 . For higher concentrations, the sensitivity decreased. So a concentration of 60 mol L −1 was selected. The pH of the indicator solution was studied in a range between 5.8 and 7.6. The highest sensitivity was attained using a pH of 6.6-6.8, so acceptor solutions adjusted to pH 6.8 were used in the next experiments.
For the study of the flow rates, an extra peristaltic pump was incorporated in the system controlling the flow rate of the solution being evaluated. When the effect of flow rate of the acceptor solution was studied, a flow rate of 1.7 mL min −1 was set for the donor solution. The same flow rate was applied to the acceptor solution while the donor flow rate was evaluated. In the case of the donor solution, the sensitivity increased 30% up to 1.7 mL min −1 . This can be explained by a better mixing of the sample with the hydroxide solution. A decrease on the sensitivity was verified with the increase of the flow rate of the acceptor solution. However, to avoid pressure differences between donor and acceptor streams, flow rates were both set to 1.7 mL min −1 .
Taking advantage on the low diffusion efficiency, the possibility of the acceptor solution re-circulation was considered: calibration curves using ammonium standard solutions with concentrations between 50 and 1000 g L −1 were performed, in 2 consecutive days. On the first day, the acceptor solution was sent towards the waste, after passing the flow cell. In the following day, the 250 mL of BTB solution was recirculated to its own flask, under constant magnetic stirring (200 rpm). The observed sensitivity was similar with and without re-circulation of the BTB solution. The t-test revealed no statistical difference between the two sets of sensitivities (|t calculated | = 0.736 < t critical = 2.26), so the recycling strategy was applied to the analysis of water samples.
The proposed system allowed the spectrophotometric determination of ammonium in a dynamic linear range between 50 and 1000 g L −1 of NH 4 + , and a typical calibration curve 
801 ± 5 100 ± 1 a n = 9.
culated from 12 regression curves, obtained during a 1-month period. Detection and quantification limits were calculated as recommended [29] , based on 3 and 10 times the standard deviation of 10 consecutive injections of the blank, and values of 27 and 42 g L −1 were obtained, respectively.
The determination frequency was estimated as the sum of the time needed for each step of the analytical cycle. A complete analytical cycle took 218 s: 168 s for each determination plus 50 s necessary when the sample was switched. Performing three determinations for each sample, the proposed system provided a frequency of about 20 determinations per hour. A NaOH consumption of 10.5 mg was necessary per one assay and 3.2 mL of effluent was generated per determination.
3.4.
Interference studies Interference studies concentration of 10.0 mg L −1 was also evaluated. None of the studied species revealed to interfere in the flow methodology, since the obtained relative deviations were lower than 5% of the peak signal for an ammonium standard of 100 g L −1 . Regarding volatile amines [18] , interference was not expected in natural waters due to their low content (usually at least 100 times lower than ammonium).
Water samples were injected into the flow system with re-circulation of the acceptor stream, and the ammonium concentration was calculated by interpolation of a previously established calibration curve.
To assess the accuracy of the methodology, recovery assays in surface and tap waters were performed. Recovery values close to 100% were achieved in the four levels of concentration studied for surface and tap waters (Table 3) .
To further validate the accuracy of the method, the certified reference material was prepared in different types of waters (as recommended by the manufacturer) and injected in the proposed flow manifold. The results of the analysis and the corresponding standard deviations are presented in Table 4 . The obtained ammonium concentrations were included in the acceptance limits mentioned in the certified material specifications.
The repeatability of the system was assessed from 10 consecutive injections of the certified material prepared in different water samples. The corresponding relative standard deviation values were lower than 1.5%.
Conclusions
The proposed flow approach combines the advantages of multi-commuted and flow injection systems. The positioning of the propulsion device before the commutation valves produces a positive pressure facilitating the incorporation of the mass separation device and avoiding the formation of air bubbles. It also permits reagents re-circulation, introducing only the required amount for the determination. Additionally, stopped-flow methods are easily accomplished, as well as the use of variable injection volumes.
The system demonstrated robustness and good accuracy, indicated by the certified sample results and the good recoveries, achieved with distinct water samples. The proposed flow system was compared with other GD-flow analysis methods for ammonium determination based on the same reaction and detection system ( Table 5 ). The method described herein reveals sufficient sensitivity and detection limit to be applicable to natural waters with low levels of ammonium. Additionally, it can be an advantageous alternative for ammonium determination as it consumes a very limited amount (green chemistry) of the BTB reagent considered a slightly polluting substance, produces low effluent volumes and makes use of simple and low cost instrumentation.
